Introduction
The auxiliary material contains the following text, figures and tables:
Content Description
Text S1 Description of input data set
Text S2 Detailed description of the FIA stand age correction method
Text S3 Detailed description of simulation protocol
Text S4
The description of land history for the sites used in the validation Figure S1 The forest stand age map for the conterminous U.S.
Figure S2
The stand age distribution for the Northeast Figure S3 The state-level biomass increment
Figure S4
The mean annual air temperature, precipitation and nitrogen deposition during [2001] [2002] [2003] [2004] [2005] Figure S5
The flowchart of the FIA correction method Figure S6 The effect of stand age correction Table S1 Comparison of the studies Table S2 The survey years used Table S3 State-level NCE for different land covers Table S4 The state-level forest area, fraction, stand age and its NCE Table S5 The state-level carbon storage change during 1700-2000 Table S6 The state-level source of carbon fluxes from disturbances Table S7 The state-level mean net carbon balance, net carbon exchange, fossil fuel emissions and carbon balance index Table S8 The source of carbon fluxes from disturbances by using the uncorrected LULCC data set Table S9 The regional NCE for different land covers by using the uncorrected LULCC data set Kingdom [Mitchell and Jones, 2005] . These data sets were back-casted to the year 1500 by repeating a detrended 30-year cycle of the 1901-1930 monthly data. Global annual atmospheric CO 2 data are from the Mauna Loa station [Keeling and Whorf, 2009] . Atmospheric CO 2 concentrations were held constant at 296.3 ppmv for the time period 1500 to 1900. The ozone (O 3 ) pollution data set used in this study, represented by a measure of the accumulated hourly ozone levels above a threshold of 40 ppbv (AOT40 index), is based on the work of Felzer et al.
[ deposition data is then extended back to 1860 based on historical trends described by Van Drecht et al. [2003] . Before 1860, the annual nitrogen deposition in each 0.5° grid cell was assumed to equal the annual nitrogen deposition of 1860. In addition to these time series data sets, static data sets organized at the half-degree spatial resolution were developed for soil texture by interpolating data from the Global Gridded Surfaces of Selected Soil Characteristics data set [Global Soil Data Set Task Group, 2000] and for elevation by aggregating 1km 2 data of the TerrainBase v1.1 data set [National Geophysical Data Center, 1994] .
Text S2. FIA STAND AGE CORRECTION PROTOCOL
A dynamic cohort approach has been adopted to represent the influence of land-use change on land carbon dynamics in TEM. In this approach, TEM assumes that each 0.5° latitude x 0.5° longitude grid cell is initially covered by undisturbed potential vegetation, which is represented by an initial cohort that is assigned the entire land area of the grid cell. When a disturbance occurs, such as timber harvest or conversion to croplands (food or biofuels) or pastures, a new cohort is formed and a certain amount of land area within the grid cell is then subtracted from the undisturbed potential vegetation cohort and assigned to the new disturbed cohort. Disturbance-related carbon fluxes from an ecosystem are calculated and the land carbon stocks are adjusted within the new disturbed cohort to account for the initial effect of the disturbance (see SIMULATION PROTOCOL section below) The TEM is then used to simulate the carbon dynamics of the disturbed cohort as it recovers from the disturbance. The model simulation takes into account the influence of local environmental conditions on the rate of recovery. As time progresses in the TEM simulation and more disturbances occur, more cohorts are added to the grid cell. As each disturbance and its effects are tracked separately within TEM, different types of disturbances within a grid cell can be considered simultaneously and allows TEM to consider the impacts of multiple disturbances on land carbon and nitrogen dynamics ( Figure S5 ). The timing, location and affected area of a disturbance are initially prescribed by the spatially-explicit time-series land cover transitions data set of Hurtt et al. [2011] .
We use the FIA stand age information to improve the timing of disturbances to forests in our dynamic cohort approach. The FIA stand age correction method includes two major steps: (1) use the FIA stand age information to correct forest stand age for the year 2005; and (2) backcast the newly-adjusted stand age in 2005 to modify the timing of the associated disturbance and the historical forest stand ages. In the first step, we adjust the stand age distribution of forest cohorts within each specific 0.5 o latitude x 0.5 o longitude grid cell to match the stand age distribution derived from the FIA stand age map in the same grid cell ( Figure S6 ). The area of forests in the FIA stand age map are aggregated from 1 km 2 pixels into areas associated with 41 age groups within each 0.5 o latitude x 0.5 o longitude grid cell based on forest stand age to develop the FIA stand age distribution for the grid cell. The age intervals within a group vary to include 5-year intervals for stand ages between 0 to 99 years old, 10-year intervals for stand ages between 100 to 199 years old, 20-year intervals for stand ages between 200 to 399 years old, and a final age group for stand ages 400 to 852 years old. The oldest forest stand age in the FIA data set is 852 years old. Cohorts in each 0.5 o latitude x 0.5 o longitude grid cell of the LULCC data set are then stratified into the similar age groups according to their stand age and the associated cohort areas are aggregated to develop the uncorrected stand age distribution for the grid cell. All cohorts without a disturbance history in the LULCC data set (i.e. undisturbed primary cohorts) are treated as a special group with an assumed stand age greater than 1000 years old.
In the age correction, new "disturbed" cohorts are created from the primary forest cohorts suggested by the uncorrected LULCC data and are assigned to the 41 age groups with areas based on the proportion of the total forest area found in each FIA age group and the total forest area found in the uncorrected LULCC data set. Next, if the FIA forest age structure is younger than the uncorrected forest age structure, then cohorts from an older age group are reassigned to the younger age group until the proportion of the aggregated cohort area of the younger age group relative to total forest area is close to the corresponding proportion of the same age group in the FIA stand age distribution. The process first adds cohorts in the age group that is just older than the target age group and if additional area is required, then cohorts from the next older age group are added to the target age group and so on. After the proportions of total forest area are matched in the youngest age group, the same process is repeated for the older age groups until the corrected LULCC data mimics the FIA data in the grid cell. If the FIA forest age structure is older than the uncorrected forest age structure, then a similar process is used except that the cohorts from a younger age group are assigned to the older age group until the aggregated cohort area of the older age group is close to the area of the same age group in the FIA data and the areas of older age groups are matched before younger age groups. After the cohorts have been reassigned to the various age groups, stand ages of the cohorts are then updated by randomly assigning a stand age from the age interval within the age group assuming a uniform distribution.
The age correction for forest cohorts in 2005 also requires modification of their LULCC histories ( Figure S5 ). For cohorts that are secondary forests in the uncorrected LULCC data, the timing of the last disturbance is modified to match the new stand age in 2005. In addition, the stand ages of these cohorts during the period between the last disturbance and the previous disturbance are adjusted to account for the change in timing of the last disturbance. For new cohorts created from the primary cohorts in the uncorrected LULCC data set, a single timber harvest disturbance is timed to occur based on the stand ages of these cohorts in 2005. For forested grid cells that do not have FIA stand age information, the land-use history of the corrected data set is assumed to be the same as the land-use history of the uncorrected data set.
Remaining differences in the distribution of forest area between the corrected LULCC data set and the FIA stand age data set are related to differences in the distribution of forest area between the original uncorrected LULCC data set and the FIA stand age data set and errors associated with assigning cohorts with fixed areas to the various age groups. While the age corrections generally lead to younger secondary forests in the eastern part of the country, the disturbances added to the formerly primary forest cohorts lead to older secondary forests during some periods in the past in some of the western parts of the country (Figure 2 in main paper).
Text S3. SIMULATION PROTOCOL
During a simulation, carbon and nitrogen dynamics of each potential natural vegetation cohort in a grid cell are first initialized to equilibrium conditions with a baseline mean monthly climate that we derived from the CRU climate data set for the 30-year time period 1500 to 1529, an atmospheric CO 2 concentration of 286.6 ppmv, and the AOT40 ozone index and atmospheric nitrogen deposition rates estimated for 1500 (see "DEVELOPMENT OF INPUT DATA SET" section above). Equilibrium conditions occur when carbon, nitrogen and water inputs into the land ecosystem equal the outputs from the land ecosystem. After equilibrium conditions are met, then the December carbon and nitrogen stock densities of vegetation and soil organic matter along with soil thermal and moisture conditions are copied from the potential vegetation cohorts to the new disturbance cohorts, (created to represent the prescribed distribution of land use in 1500), to represent initial conditions for these new cohorts. As the areas of the newly created cohorts are subtracted from the areas of the corresponding source potential vegetation cohorts in 1500, there is conservation of both mass and area within the grid cell with this calculation step.
The carbon and nitrogen initially in the vegetation biomass of these new disturbed cohorts are then either lost to the atmosphere, added to soil organic matter, or transferred to 10-year and 100-year woody product pools as a result of converting natural land to agriculture or urban areas.
For forests, 40% of the vegetation biomass is assumed to be lost to the atmosphere from conversion activities (e.g. fuelwood, biomass burning), 20% is added to the 10-year woody product pool, 7% is added to the 100-year woody product pool and 33% is transferred to the soil organic matter pool as slash [McGuire et al. 2001] . For shrublands, 40% of the vegetation biomass is assumed to be lost to the atmosphere from conversion activities, 10% is transferred to the 10-year woody product pool and 50% is transferred to soil organic matter as slash. For grasslands, 50% of the vegetation biomass is assumed to be lost to the atmosphere from conversion activities and 50% is transferred to the soil organic matter as slash.
After the initial disturbance to create land use in 1500, a spin-up period of 450 years occurs to allow the carbon, nitrogen and water dynamics of the newly created cohorts to come back into equilibrium with an environment that includes variable climate conditions, but constant atmospheric chemistry and no additional disturbances. For climate, the 30-year climate cycle from 1500 to 1529 is repeated 15 times during the spin-up. Atmospheric CO 2 concentration remains at 286.6 ppmv, and the AOT40 ozone index and atmospheric nitrogen deposition rates remain at their year 1500 values throughout the spin-up period. This time also allows the 10-year and 100-year woody product pools to empty so that no conversion fluxes or 10-year product decomposition fluxes are carried over into the simulation of cohort carbon dynamics after the spin-up period. There could be carbon fluxes after the spin-up period from the decomposition/consumption of agricultural products created during the last spin-up year, however, -as agricultural products are assumed to decompose within a year of harvest.
After and atmospheric chemistry conditions. Carbon losses to the atmosphere, additions to soil, and transfers to the woody product pools from land conversions can occur each year. The fate of carbon in each annual woody product pools cohort (10 cohorts in the 10-year woody product pool, 100 cohorts in the 100-year woody product pool) is tracked throughout the remaining part of the simulation.
Disturbances influence the carbon dynamics in existing cohorts in addition to creating new cohorts. In the development of the historical LULCC data set, existing cohorts are marked as "disturbed" and their stand age is set to zero if they meet the criteria for the land-use transition (e.g., cohort is covered by secondary forests, when searching for secondary forests to convert to croplands) prescribed by the Hurtt et al.
[2011] data set (or as corrected using the FIA stand-age data set) and the sum of the area of the newly disturbed cohorts in the grid cell is less than the area needed for the specified land-use transition for the grid cell. New cohorts are created only when only part of an existing cohort is needed to match the area of a specified land-use transition.
During the TEM simulation, an existing cohort that is marked as "disturbed" in a particular year will have its vegetation carbon removed in the specified year and this carbon will be redistributed to conversion fluxes to the atmosphere, soil organic matter, and the woody product pools as described above. including 500 acres of grassland. Because the fire disturbance did occur during eddy covariance measurements at the Audubon, we estimated the carbon emissions associated with the fire and subtracted this value from the TEM estimate of NEP before comparison to the associated eddy covariance estimate.
Blodgett Forest, California (US-BLO):
The site is situated in a ponderosa pine plantation, mixed-evergreen coniferous forest, located adjacent to Blodgett Forest
Research Station. Stand age = 6-7 years when established in May.
Duke Forest, North Carolina (US-DK3):
The surrounding stand is a uniform-age loblolly pine forest with a diverse understory of more than 26 species. The forest was established in 1983, when the area was clear cut and burned followed by the uniform seeding of loblolly pine. A severe ice storm that occurred in December of 2002, caused widespread damage. One-third of loblolly pines surrounding the tower were damaged with a 12% leaf area reduction.
Harvard Forest, Massachusetts (US-HA1):
The forest has been impacted by hurricanes in 1938, 1944, 1954, 1960, and 1991 .
Metolius, Oregon (US-ME5):
Completely clearcut in 1978, the surrounding sparse overstory is dominantly ponderosa pine. Following logging activity, the forest was allowed to regenerate naturally without any additional disturbances aside from recent thinning to remove the woody debris left after canopy clear cutting. Step Step 2: Change the stand age of the cohorts in year 2005 as in Fig. 6 so that the stand age of cohort A may now be 25 years old.
NC Loblolly
Step 3: Modify the land use history of cohort A according the new stand age in 2005. For this cohort, we assume the new stand age is younger than its stand age from the uncorrected data set (i.e. abandonment occurs later). 
Forests to crops Abandonment
Forests to crops Abandonment Figure S6 . The stand age adjustment is applied on each half-degree pixel and the plots here show its overall effect on the whole conterminous United States. "U" represents undisturbed forests. Table S1 . Comparison of our estimates with previously published studies. Table S5 . The state-level changes in carbon storage (Tg C) on forest ecosystem and all ecosystems during 1700-2000. The data is sorted by the total net carbon exchange. *: includes wetlands, mangrove and bare lands. Table S5 (continued). The state-level changes in carbon storage (Tg C) on forest ecosystem and all ecosystems during 1700-2000. The data is sorted by the total net carbon exchange. *: includes wetlands, mangrove and bare lands. Southeast -9 ± 12 -2 ± 2 -1 ± 1 70 ± 51 0 ± 0 0 ± 1 4 ± 5 62 ± 69
Midwest -6 ± 17 -1 ± 3 0 ± 0 32 ± 9 0 ± 0 1 ± 4 10 ± 4 36 ± 35
Northeast -2 ± 3 0 ± 0 -3 ± 1 21 ± 10 0 ± 0 0 ± 0 0 ± 0 16 ± 12
North Great Plains 13 ± 42 3 ± 25 0 ± 0 4 ± 2 0 ± 0 0 ± 1 0 ± 0 20 ± 66 Southwest 3 ± 11 0 ± 16 1 ± 1 9 ± 9 5 ± 22 1 ± 2 0 ± 0 19 ± 55 Northwest 3 ± 6 0 ± 1 0 ± 0 4 ± 3 0 ± 2 0 ± 0 0 ± 0 7 ± 11
South Great Plains 2 ± 29 -2 ± 32 0 ± 0 13 ± 5 0 ± 0 0 ± 1 0 ± 0 13 ± 66
Total 5 ± 80 -3 ± 61 -3 ± 2 153 ± 67 6 ± 22 1 ± 7 14 ± 8 173 ± 211 
